We have analyzed the developmental molecular programs of the mouse hippocampus, a cortical structure critical for learning and memory, by means of large-scale DNA microarray techniques. Of 11,000 genes and expressed sequence tags examined, 1,926 showed dynamic changes during hippocampal development from embryonic day 16 to postnatal day 30. Gene-cluster analysis was used to group these genes into 16 distinct clusters with striking patterns that appear to correlate with major developmental hallmarks and cellular events. These include genes involved in neuronal proliferation, differentiation, and synapse formation. A complete list of the transcriptional changes has been compiled into a comprehensive gene profile database (http:͞͞BrainGenomics. Princeton.edu), which should prove valuable in advancing our understanding of the molecular and genetic programs underlying both the development and the functions of the mammalian brain.
T he hippocampus is a brain structure that plays a critical role in learning and memory in humans and animals (1) (2) (3) . Extensive electrophysiological studies have demonstrated the existence of activity-dependent synaptic plasticity such as longterm potentiation͞long-term depression (LTP͞LTD) in hippocampal pathways (4) (5) (6) . Recent genetic analyses have clearly demonstrated the crucial role of the hippocampal synaptic plasticity in memory formation (7) (8) (9) (10) . Despite the significance of the hippocampus in learning and memory, our understanding of the genetic programs underlying the developing hippocampus is quite limited. During development, the hippocampus undergoes typical stages involving proliferation, differentiation, synapse formation, and the maturation of synaptic function. Research into the molecular mechanisms that control hippocampal development should enhance our understanding of the hippocampus and its role in various physiological and pathological conditions. To begin to analyze the genome-wide molecular events that occur in the developing hippocampus, we have used Affymetrix oligonucleotide microarrays that contain probes for 11,000 known genes and expressed sequence tags (ESTs) (11) (12) (13) to profile comprehensive molecular and genetic programs underlying the mammalian brain development.
Materials and Methods
Matings and RNA Preparation. Timed matings were set up between adult wild-type mice from strain C57BL6͞CBAF1. Females were inspected for plugs on the following day to ensure successful mating and the date of conception was noted so that pups could be collected at the appropriate time. Hippocampi were dissected from pups at the age of embryonic day 16 (E16), postnatal day 1 (P1), P7, P16, and P30. The tissues were immediately frozen in liquid nitrogen, and then stored at Ϫ80°C. Total RNA was isolated, using the RNA Extraction Kit (Amersham Pharmacia), from tissue by ultracentrifugation in a cesium trifluoroacetate gradient. RNA concentration was determined spectrophotometrically by taking the optical density at 260 nm before poly(A) RNA isolation (Amersham Pharmacia). Samples were stored at Ϫ80°C.
Target Preparation. Double-stranded DNA was synthesized for each target, with the GIBCO͞BRL Superscript Choice System (GIBCO͞BRL, 18090-019). Typically, 1 g of polyA RNA was used in a reverse transcription reaction to synthesize (Ϫ) strand cDNA with a primer containing poly T and T7 RNA polymerase promoter sequences. The double-stranded cDNA was isolated by phenol-chloroform extraction, followed by ethanol-precipitation with glycogen as a carrier. The cDNA was resuspended in 3 l of RNase-free water, and 1 l of the double-stranded cDNA was used as a template for in vitro transcription in the presence of biotinylated UTP and CTP to generate labeled antisense RNA. The in vitro transcription reaction was performed by using the Enzo BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, 900182). Purification of the labeled RNA was carried out with the Qiagen RNeasy Mini Kit spin columns (74104 from Qiagen, Chatsworth, CA).
Array Hybridization and Scanning. The labeled cRNA was fragmented in fragmentation buffer (5ϫ buffer: 200 mM Trisacetate (pH 8.1)͞50 mM KOAc͞150 mM MgOAc) and hybridized to the microarrays in 200 l of hybridization solution containing 10 g labeled target in 1ϫ Mes buffer [0.1 M Mes͞1.0 M NaCl͞0.01% Triton X-100 (pH 6.7)] and 0.1 mg͞ml herring sperm DNA. The arrays used in this study are the 11K-A (11,000 Affymetrix) mouse expression arrays. Arrays were placed on a rotisserie and rotated at 60 rpm for 16 h at 45°C. Following hybridization, the arrays were washed with 6ϫ SSPE-T [0.9 M NaCl͞60 mM NaH 2 PO 4 ͞6 mM EDTA͞0.005% Triton X-100 (pH 7.6)] at 22°C on a fluidics station (Affymetrix) for 10 ϫ 2 cycles, and subsequently with 0.1 Mes at 45°C for 30 min. The arrays were then stained with a streptavidin-phycoerythrin conjugate (Molecular Probes), followed by 10 ϫ 2 wash cycles. To enhance the signals, the arrays were further stained with Anti-streptavidin antibody for 30 min followed by a 15 min staining with a streptavidin-phycoerythrin conjugate. After 10 ϫ 2 additional wash cycles, the arrays were scanned at a resolution of 3 m, using a specifically designed confocal scanner (Affymetrix). To further confirm the reliability of the array data, 16 genes were randomly picked from the list and reverse Northern blot analysis was performed. The dynamic changes in expression are consistent between the two different methods (data not shown).
Data Analysis. The image data were analyzed by GENECHIP ANALYSIS SUITE (Affymetrix). Gene clustering analysis was performed by using GENECLUSTER 1.0 (MIT, Cambridge, MA).
Results

Large-Scale Transcriptional Analysis of the Developing Hippocampus.
To establish comprehensive gene expression profiles during the development of the mouse hippocampus, five time points were chosen between E16 and P30. The time points, E16, P1, P7, P16, and P30, correspond to the peak periods for which major cellular and physiological events occur during mouse hippocampal development ( Fig. 1) . It is known that the most active proliferation of neurons occurs during the prenatal period, followed by dynamic outgrowth and differentiation in the neonatal period, and synaptogenesis in the first postnatal week. By the second postnatal week, synaptic connections are established and synaptic activity becomes increasingly active; by the third postnatal week, the fully connected hippocampal circuits exhibit great plasticity including robust long-term potentiation. By the end of the first month, the hippocampus is entering a more mature state (14) (15) (16) (17) .
The hippocampi from several dozens of developing mouse brains were dissected at these five time points (E16, P1, P7, P16, and P30) and separated into two independent tissue pools for the extraction of poly(A) mRNA. These duplicate mRNAs were then used for generation of the fluorescently labeled targets for the hybridization to microarrays containing over 11,000 mouse genes and ESTs. To ensure the reliability of the data, all of the hybridization experiments were carried out in duplicate (two independent mRNAs and two sets of duplicate microarrays were used). The hybridization signals in the duplicate experiments were highly consistent and reproducible based on examination of the correlation between the duplicate hybridization signals. For example, from two independent hybridizations onto 11K-A (11,000 Affymetrix) arrays, more than 2,400 genes on this 11K-A array (containing Ϸ6,500 genes and ESTs) were detectable in the duplicate samples prepared independently from P1 hippocampal mRNA, and showed similar levels of signals in both P1a and P1b samples (Fig. 2a) . Only 19 genes whose hybridization signals showed more than 3-fold variation (less than 0.3% of the total genes on the array) differed in the two experiments.
When the expression levels of the same set of these genes were compared between two developmental time points (e.g., P1 vs. P30) we found that 325 genes on the chip were differentially expressed with more than 3-fold changes (Fig. 2b ). In total, over 1,926 genes showed dynamic changes in expression level during the hippocampal development period from E16 to P30. For a detailed description of these genes and ESTs, we have created the gene expression profile database that can be accessed via our web (http:͞͞BrainGenomics.Princeton.edu). To explore the patterns and possible genetic principles underlying developmentally regulated gene expression, we used the cluster analysis tool SOM (self-organizing map analysis; ref. 18 ). The 1,926 genes from the 11,000 arrays that showed significant expression changes during development grouped into 16 distinct gene clusters (Fig. 3a) .
Generally, these 16 clusters can be further classified into four major types. Type I clusters include cluster 0 (c0), c1, and c5, and exhibit overall age-dependent down-regulation, whereas Type II clusters (c10, c11, c14, and c15) show general age-dependent increased expression, reaching peak levels either at P16 or P30. Type III clusters show peak expression at either P1 or P7 (c4, c8, c9, c12, and c13), whereas the Type IV (c2, c3, and c6) clusters exhibit down-regulation at these time points.
It appears that these clusters correlate with major cellular changes during hippocampal development. For example, in c1 (Type I) a total of 228 genes exhibited high expression at E16, but were essentially switched off after birth. This genetic switch is correlated with the well known transition of an overwhelming number of neurons from a proliferating to postmitotic state. As expected, most of these 228 genes are known to be involved in control of the cell cycle, histone regulation, and DNA replication. On the other hand, in c12 (Type III) these genes show dramatic up-regulation of expression at P1 with low expression at other time points. This cluster contains genes involved in cell-type development (such as Nkx, homeobox transcription factors; ref. 19) , morphogenic events (such as Wnt-3; Wnt-10a), and postmitotic regulation of neuronal differentiation such as Postmitotic Neural Gene-1 (a zinc finger family gene; ref. 20) . Therefore, the cluster method appears to reflect the potential underlying molecular and genetic programs during hippocampal development.
Genetic Programs During the Prenatal Period of the Developing
Hippocampus. From the gene cluster analysis of these 1,926 genes and ESTs, overall molecular patterns appear at a genome-wide scale in the prenatal period of the developing hippocampus. To present this comprehensive picture in a concise and coherent manner, we have selected a small list of representative genes (see Tables 1-3 , which are published as supplemental data on the PNAS web site, www.pnas.org, and on our web site, http:͞͞ BrainGenomics.princeton.edu) for the following discussion. For example, from E16 to P1 almost all of the hippocampal neurons switch from a highly active proliferation state to a postmitotic state. As such, expression of proliferative genes involved in cell cycle progression were highly expressed at E16, then subsequently became silent or reduced significantly after birth. These genes were prominently grouped in c0 and c1 (a total of 432 genes; see Table 1 for the representative genes) and appear to correspond to general cellular function, including proliferation, DNA and RNA synthesis, and transcriptional and translational regulation.
The cyclin family of proteins that regulate mitosis were represented in c1 by cyclin-dependent kinase regulatory subunit 2, cyclins B2 and G2, G1͞S-specific cyclin D2, and D-type G1 cyclin catalytic subunit, as well as cell division protein kinase 4 (21-23), GADD45 (24) , and a growth arrest protein (suggesting a balance of factors that regulate mitosis). Another group of genes whose expression may contribute to the high proliferative activity of embryonic brain encode enzymes essential for DNA and RNA synthesis, such as DNA topoisomerase II (25) and the DEAD family of RNA helicases that regulate ribosome assembly, pre-mRNA splicing, mRNA translation, and RNA (26) . Other pre-mRNA splicing factors were also identified, including unwinding protein 1 (27) , U2 and U6 snRNPs (28) , SRP75 from the SR family, and the myoblast cell surface antigen 24, which has been identified as a pre-mRNA splicing factor (29) . In addition, chromosomal proteins H2A.X, H2A.1, and H1 histone subtype H1(0) (30, 31) were also identified in c1.
Genes involved in transcriptional regulation were also identified in c1. These include BTF3, a transcription factor required for transcriptional initiation of RNA polymerase II (32) , and NF1-B, which mediates the transcription of several differentiation markers (33). Neurogenin-2, which encodes a neuralspecific basic helix-loop-helix protein that is involved in determination of neuronal fate, specification, and differentiation of neuronal cell lineages (34) , was also present. In addition to the transcriptional factors, many genes involved in translational regulation were differentially expressed. These genes include the initiation factor 2, elongation factor Ϫ1 and Ϫ2 (35), and protein translation factor SU1. Many types of ribosomal proteins were also up-regulated at this time (see Table 1 ). From our profiling analysis, it appears that the high rate of protein synthesis of protein in embryonic hippocampus is also coupled with the up-regulation of genes involved in protein degradation, suggesting that it is a tightly controlled during cell cycle. For example, the expression of ubiquitin-conjugating enzyme E2 (36) , which is believed to be involved in ubiquitin-mediated regulation of cyclin regulation at E16, was up-regulated.
Obviously, the above genes represent only a small fraction of the 433 genes in c0 and c1 (see our web site, http:͞͞ BrainGenomics.Princeton.edu). There are many other genes showing equally interesting features, such as transcriptional coactivator ALY, 11-zinc-finger transcription factor (CTCF), inhibitor of apoptosis protein 1, PEST phosphatase interacting protein, Zinc finger protein 7, zinc finger protein GF-1, and Zinc finger protein 91. These latter genes may be particularly interesting to be examined further for their role in hippocampal development.
Genetic Events During Neonatal and Early Postnatal Development.
The hippocampus undergoes many phenotypic changes after birth. Almost all neurons enter the postmitotic state and show extensive growth and differentiation in the first postnatal week. These cellular changes are marked by rapid cytoskeletal changes, production of cell adhesion molecules, and extracellular matrix formation, as well as expansion of cell membrane. Accordingly, the genes whose activities are highly active during this time are mostly represented by c4 and c8 (see Table 2 for the representative genes). These two clusters have similar, yet distinct profiles, with a peak occurring at P1 that decreased to basal levels by P16.
Among these two clusters of 272 genes, several actin and tubulin isoforms were identified in these clusters, including betaand gamma-actin, actin-1, and actin-3, as well as several forms of alpha-and beta-tubulin, consistent with the notion that cellular differentiation is associated with the dynamic production of cytoskeletal and structural proteins (37) . Interestingly, genes encoding the CCT chaperonin-containing family are prominently expressed in the same cluster (38) . These chaperonin proteins are essential for promoting the correct folding of actin and tubulin. We observed that the subunits beta, epsilon, delta, and theta of the CCT chaperonin family are all highly expressed in the neonatal and early postnatal days.
Several cell-adhesion and extracellular-matrix proteins were also up-regulated during this period. These proteins are known to play critical roles during differentiation, pattern formation, Cluster analysis of probes sets on mouse 11,000 arrays. Selforganizing maps (SOM) were used to group the 4,390 identified genes and ESTs into clusters based on similar expression dynamics over the five time point. Analysis algorithms were used to convert raw data into expression data for these genes before applying SOM analysis. The label at the upper-left corn of each inset represents cluster number (from c0 -c15). The number in the top center of each inset represents the number of genes in that particular cluster. The five dots in each inset represent the five developmental time points (E16, P1, P7, P16, and P30). and synaptogenesis; they include collagen and fibronectin, L1-like protein (39), a neural cell adhesion molecule, and neural cell adhesion molecule L1 (40), neurophilin, and neural cadherin (41) . Morphological differentiation is also accompanied by membrane expansion. Indeed, we found that the expression of several genes involved in fatty acid and membrane synthesis are up-regulated in this period. They include brain fatty acid binding protein (B-FABP), fatty acid binding protein, and fatty acid synthase. These molecules are the building blocks of phospholipids and glycolipids (42) , which are important components of the biosynthetic processes occurring at the neonatal time period.
Genetic Switches Up-Regulated in the Late Postnatal Hippocampus.
Following the neuronal differentiation and synapse formation in the early postnatal week, the hippocampal synapses and circuits become more active and begin to exhibit increased plasticity. Several clusters show a gradual increase in gene expression and are up-regulated at either P16 or P30. These genes, which are represented in c11 and c15, can be organized into categories of synaptic function, signal transduction, transcriptional and translational control, glucose and oxidative metabolism, and membrane regulation of ionic concentration (see Table 3 ). These two clusters contain 340 genes in total.
Many genes in c11 and c15 are involved in synaptic function. Some of these are involved in synaptic vesicle trafficking, including clathrin, which is a component of the coat that surrounds vesicles, and synaptogamin, a vesicle-associated protein involved in calcium-mediated release of neurotransmitters. Two synaptic vesicle-associated proteins, VAMP2 and synaptophysin, were also identified (43, 44) , as well as UNC-18, which may play some role in vesicle trafficking (45) . In addition to the genes involved in vesicular trafficking, several presynaptically released neuromodulators were also identified; these include fractalkine, a type of chemokine (46) , cholecystokinin (47) , and brain-derived neurotrophic factor (BDNF), a neurotrophin. Furthermore, many neurotransmitter receptors were identified that play postsynaptic functions; these include neurotransmitter receptors for glutamate, including glutamate receptor 1 (GluR1), glutamate receptor 2 (GluR2), and the NMDA receptor, as well as a receptor for acetylcholine. In addition, the neurotensin receptor was identified (48) . Finally, several molecules that help to maintain ionic concentrations across membrane were also identified, including potassium channels, vacuolar adenosine triphosphatase (pore-forming subunits B and E), and transporters that catalyze sodium and potassium cotransport.
To ensure correct signal transduction between neurons, proper intracellular signal transduction must be established. Indeed, many signaling molecules, such as ras, ras-related protein RAB-3A, and mitogen-activated protein kinase (erk-1), are differentially expressed. In addition, calcineurin B, a protein phosphatase regulatory subunit, and FK506-binding protein (also known as PKBP-12), which binds to and inhibits calcineurin, are also present in this cluster. These proteins have been shown to be involved in regulating synaptic plasticity (49) .
Interestingly, we have also identified a set of transcriptional and translational factors whose expression exhibits a gradual increase during the postnatal weeks, and which are different from the transcriptional and translation factors found in the embryonic hippocampus; these include zif͞268, DNA binding protein SMBP2 (50) , transcriptional activator FE65 (51) , and transcription factor Sox-M. No overlap of factors identified in c1 vs. c11 and c15 was observed, suggesting that these temporally regulated transcription events are distinct and likely control different developmental phenotypes.
Besides changes in synaptic properties, it is well known that high levels of synaptic activity need to be supported by efficient energy utilization and production. In fact, the brain's energy utilization switches from ketone in neonatal brain to glucose in the adult brain as the major energy source. Interestingly, we have found that many of the enzymes involved in glucose metabolism and oxidative metabolism are gradually upregulated as a function of postnatal development (see Fig. 4 ). The identification of all of the key glycolytic enzymes in c11 and c15 supports this transition (Fig. 4) . These include two key enzymes that control the pace of glycolysis, phosphofructokinase and pyruvate kinase, as well as glucose-6-phosphate isomerase, fructose bisphosphate aldolase A and C, triose phosphate isomerase, phosphoglycerate kinase, and neural enolase (52) . Some of the molecules involved in the mitochondrial respiratory chain that are differentially expressed include NADH-ubiquinone oxidoreductase, cytochrome c oxidase, succinate dehydrogenase, malate dehydrogenase, lactate dehydrogenase, and glycerophosphate dehydrogenase (52) .
Discussion
In an effort to dissect the molecular and genetic basis underlying the development of the hippocampus, we have used DNA microarray technology. This technology offers the unique advantage of being able to assess gene expression on a genomewide scale. It has allowed us to establish the first genetic atlas of the developing mouse hippocampus, a region crucial for learning and memory. Using Affymetrix GeneChip arrays, we have screened over 11,000 mouse genes and ESTs, and identified 1,926 genes that exhibited dynamic changes during the developmental period of the mouse hippocampus. We have further grouped these genes into 16 different categories by using SOM, a gene cluster program. This cluster analysis allows us to identify genes according to similar expression dynamics. The coordinated expression of genes in each cluster suggests that their function may be similar or may underlie a specific biological process. In fact, there are many clusters whose expression dynamics can be easily associated with known cellular phenotypes.
To further study the relationship between genes or gene clusters and their cellular function, a covariance analysis was used that is based on the principle that expression of genes that participate in a common function are coordinately regulated within a defined time window, and can be collectively changed upon genetic or environmental manipulation. Our analysis of the known genes in these clusters has clearly suggested that such a covariance strategy of linking a gene cluster to functional phenotypes based on their common time windows is reasonable and valid. For example, genes in c1, which are elevated at the embryonic brain but switched off after birth, may contribute to the particular phenotypes during the period, such as active neuronal proliferation. A large number of known genes in this cluster are involved in cell cycle and DNA replication.
The transcriptional analysis described here of the developing hippocampus may contribute to the understanding of the genetic program underlying the development of the mouse hippocampus. It is expected that a systematic and detailed cluster analysis of these genetic expression profiles will be valuable and should provide molecular insights into cellular and physiological hallmarks of hippocampal development, such as neuronal proliferation, differentiation, and synaptic formation and maturation. In fact, as a part of our comprehensive effort to understand the molecular mechanisms underlying mammalian brain development, function, and dysfunction, we have already conducted a series of gene profiling studies under various behavioral conditions, including exposure to enriched environments and aging (12, 53) , which are well known to influence brain cognition. It is conceivable that the establishment of a variety of neurogenomic databases will provide an unprecedented opportunity for discovering key brain molecules, thereby potentially leading to new therapeutics for the treatment of both developmental and adult central nervous system disorders.
